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ABSTRACT
The exponential increase through time in the number of components in a typical integrated
circuit, known as Moore's Law, is driving the need for improvements in manufacturing. A key
semiconductor manufacturing process is chemical-mechanical polishing (CMP), which is used to
create connecting metal channels above the transistors in a chip. A typical form of this process
used in industry is metal CMP. Metal CMP is the process of using a pad combined with an
abrasive slurry to remove excess material, such as Cu, and planarize a surface.
The continuing trend to increase the number of components per chip leads to the necessity of Cu
features being increasingly small. This increases the resistance of each copper connection,
leading to an increase in the RC time delay of each circuit. To counteract the increase in
resistance, the use of low dielectric constant (k) materials in place of Si0 2 has been explored.
Low-k dielectrics are much softer than Si0 2, which has led to problems with scratching of the Cu
during CMP, resulting in faulty parts. Recent research by Thor Eusner indicates that the pad
used to polish the surface, not the abrasives in the slurry, may be responsible for the scratching of
the Cu surface. This thesis applies this pad asperity scratching model to several CMP pads. The
most relevant parameters to scratching, pad to copper hardness ratio and the coefficient of
friction, are measured for each pad and the results indicate that scratching should be a problem
with nearly all of the pads. This indicates that current CMP pads or slurries are too hard, have
too much friction, have asperities that are too sharp, or some combination of these factors. Re-
engineering CMP pads and slurries is thus recommended to alleviate scratching by pad
asperities.
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1. Introduction
Chemical-mechanical polishing (CMP) is a process used in semiconductor manufacturing
for the removal of excess material and planarization of a wafer surface. The basic CMP setup is
as shown in Figure 1. A spinning wafer sits face down on a spinning pad, and a slurry is pumped
Figure 1: Generic CMP Setup
into the interface between the wafer and pad. The slurry contains chemicals and particles to
assist in softening the material being removed and polish the wafer.
During CMP, it is possible for devices on the wafer to be damaged. For instance, in place
of a clean, planar surface, it is possible for CMP to leave behind scratches on the surface of the
wafer. Depending on the width, depth, and location, these scratches can be fatal to device
performance. As the needs of semiconductor design increasingly require soft, low-k dielectrics
and further miniaturization, scratching defects during CMP both become more common and
more likely to be large enough to damage a device.
This thesis is written to corroborate recent research by Thor Eusner at the Massachusetts
Institute of Technology Tribology Laboratory [1] that investigates direct contact between the
wafer and the CMP pad as the source of a very specific type of scratching during CMP. This is
counter intuitive because CMP pads are typically much softer than the material that they polish,
i.e. a polyurethane pad used to polish copper. However, as will be recounted in Chapter 2, with
the correct combination of pad hardness, coefficient of friction on copper, and pad topography, a
soft pad may leave a scratch on the surface of copper. This thesis explores a variety of typical
CMP pads and slurries and characterizes their ability to scratch a copper wafer surface.
For simplicity, we restrict the study of CMP to CMP on a plain, copper wafer. Future
reference to CMP implicitly refers to the polishing of copper. The model and methods presented
generalize to the polishing of other materials with the substitution of different slurries, pads, and
wafer coating hardness. The scratching on a composite device can be conservatively predicted as
scratching of a plain coating of the softest material in the device.
Chapter 2 will give an overview of the pad scratching model. Chapter 3 describes how
the relevant pad parameters can be measured and how to analyze data to apply this model to an
actual CMP setup. Relevant characterization data is provided for a variety of CMP pads and
slurry combinations. Chapter 4 briefly discusses experimental validation of the scratching
model using the materials characterized in Chapter 3. Chapter 5 concludes and offers
suggestions for further reduction of scratching during CMP based on what cannot be achieved
with the conventional CMP pads and slurries discussed in Chapter s 3 and 4.
2. Scratching Model
This thesis is meant to corroborate the scratching model presented by Eusner. An
overview of the model is presented here. A more thorough treatment is contatined in [1].
This scratching model describes under what circumstances a pad with rounded, soft
asperities in contact with a hard, planar coating may cause yielding in the coating. Figure 2
describes the result of the model.
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Figure 2: Scratching model
0.8 1.0
If the pad does not yield, then the contact stress is defined by the Hertzian distribution. In
this case the pad cannot scratch copper unless it is harder than copper, or if there is significant
friction present. If the friction coefficient is greater than 0.3, then the stress at the surface of the
copper may be great enough to yield the copper, resulting in scratching. This information is
conveyed by the upper curve in Figure 2; if the data point corresponding to (pi, He/Hcn) falls
above this line, then scratching may occur. If the point is below the line then scratching will not
occur by an elastically deforming pas asperity.
If the pad does yield, then the pressure distribution is between Hertzian and uniform,
depending on the extent of the yielding. In the worst case, a fully plastic pad asperity, the
hypothesized stress distribution approaches uniform. In this case the scratching criterion is the
lowest curve on Figure 2; scratching may occur if the pad is as little as about one third of the
hardness of copper, or even less as friction increases. The two lower curves represent the
threshold between scratching and not scratching in this case. The lower curve uses a more
conservative estimate of the maximum uniform pressure a pad asperity may apply.
The determination of whether the asperity will be elastic, plastic, or in between is based
on the radius of curvature of the asperity. A very flat asperity with a large radius of curvature
will not yield. A sharp asperity with small radius of curvature will become plastic.
Thus, the main components required to apply this model are the pad and coating
hardness, the coefficient of friction, and the pad topography. The worst values of each parameter
should be plotted as if the hardest sharpest asperity that scratches the softest part of the coating,
then scratching has occurred.
3. Pad Characterization
The properties of the CMP pad shown to be most relevant to scratching by pad asperities
are the pad hardness, the coefficient of friction between the pad and the wafer, and the pad
topography. In this Chapter, methods for measuring each of these parameters will be described
and the results for some CMP pads will be given. In the case of coefficient of friction, it is
necessary to test the pad with a slurry. Several slurry chemical packages were tested, yielding
similar but not identical coefficients of friction with the same pad.
The pads used in this Chapter are the Rohm and Haas IC 1000, as well as several CMP
pads of unknown type provided by Intel for testing. These pads will be referred to as Pads
D,E,G,H, and 82634, and demonstrate a wide variation in pad parameters.
3.1 Coefficient of Friction
The coefficient of friction, [t, between the pad and copper determines the relative size of
shear and normal stresses between a pad asperity and the copper surface. The coefficient of
friction between each pad and a copper wafer was measured using the setup shown in Figures 3
and 4. A roughly 20 mm diameter circular cutout of a CMP pad is placed on a roughly 3 x 8 cm
sample of copper coated wafer. A mass is used to apply pressure to the pad, while a slurry filled
tray fixed to the copper moves from side to side. Changing the mass over the pad allows control
of the contact pressure, and the friction force is measured using a strain gauge on a spring
attached to this mass.
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Figure 3: Coefficient of Friction Experimental Setup
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Figure 4: Coefficient of Friction Experimental Setup
Although the following parameters do not have a first order affect on coefficient of
friction, for consistency the sliding velocity was held at 0.7 cm/s, and the pressure was held at
7.0 kPa. The lateral force to slide the pad was measured and used to calculate the coefficient of
friction. The all data represents the average measurement of five cycles. Given confidence
intervals are standard 95% two-sided intervals assuming a normal distribution to the data.
First several experiments were performed in which the IC 1000 pad was used with seven
slurry options. Two chemical packages from by Cabot Microelectronics, iCue 5001 and iCue
600Y75, were used. In addition, versions of these chemical packages with identical chemistry
but no slurry particles, iCue 5011 and iCue C610Y75, were tested. Finally, each slurry was
tested with an added 3% H202, as they would be used in industry. A friction test with deionized
water was performed as a comparison.
Table 1 compares the properties of the two slurries used. iCue 5011 and iCue C610Y75
are chemically the same as iCue 5001 and iCue 600Y75, respectively, but without particles.
Table 2 gives experimental data for the coefficient of friction between copper and the IC 1000
pad in the presence of each slurry option.
Table 1: Comparison of iCue 5001 and iCue 600Y75
pH
Mean Particle Size
Specific Gravity
wt. % Water
wt. % A1203 Particles
wt. % H202
iCue 5001
7.5 - 7.9
<6000 nmn
1.027 - 1.031
>93%
<5%
0%
iCue 600Y75
4.0-4.2
130 - 180 nm
1.006 - 1.013
>91%
<5%
0%
Table 2: Coefficient of friction between IC 1000 and Copper with in presence of slurries
Lubricant
Deionized Water
iCue 5011 (no particles)
iCue 5001 (particles)
iCue 5001 + 3% H202
iCue C6 10Y75 (no particles)
iCue 600Y75 (particles)
iCue 600Y75 + 3% H202
s (avg)
0.380 ± .052
0.325 + .035
0.447 .010
0.494 ± .007
0.447 ± .007
0.492+ .019
0.496 +.017
p (std dev)
.032
.022
.006
.004
.005
.012
.011
As can be seen in Table 2, there is a statistically significant difference in the measured
coefficient of friction between the pad and copper in the presence of different slurries. Adding
A120 3 particles slightly increased the coefficient of friction, as did adding 3% H202. Deionized
water demonstrated a coefficient of friction near but slightly below most of the slurries tested.
Most importantly, the values of coefficient of friction for the slurries as used in CMP (with
particles and 3% H202) were both very near 0.5, which is problematic for preventing scratching
by pad asperities.
As varying the composition of the slurry between typical CMP chemical packages has
been demonstrated above to have a small affect on coefficient of friction, in further tests with
different pads, tests were performed only with Cabot iCue 5001. Table 3 gives coefficient of
friction data measured for each additional pad and again for the IC 1000.
Table 3: Coefficient of friction between various pads and copper
Pad p (avg) p (std dev)
IC 1000 0.456 ± 0.008 0.003
82634 0.527 0.028 0.018
D 0.522 0.019 0.012
E 0.462 ± 0.008 0.005
G 0.499 ± 0.009 0.005
H 0.485 0.018 0.011
As was the case with using different slurries, there is some variation between the
coefficient of friction of different pads, but all lie within the relatively narrow range of 0.456 <p
< 0.527. With typical CMP slurries and pads, the coefficient of friction between the pad and the
copper lies in a narrow range of around 0.5, indicating that one route to reducing scratching by
pad asperities is to either engineer the slurry or the pad to have lower friction.
3.2 Pad Mechanical Properties
The most relevant pad mechanical property for scratching is hardness. The ratio of the
hardness of the pad to the hardness of copper, H,/Hcu, has a strong impact on if a pad asperity can
scratch the copper surface. The Young's modulus Ep, and Poisson's ratio o, have a much smaller
affect on scratching and are further found to have a lesser variance between pads.
Measurements of the pad mechanical properties were performed by nanoindentation.
Nanoindentation was selected for two reasons. Firstly, the hardness of the pad is being compared
to the hardness of a 1 micron layer of copper. For the properties of the underlying Si layer to not
affect the measurement, indentation depth should be less than 10% of the coating thickness,
necessitating nanoindentation be used for measuring the hardness of the copper. For consistency
the same measurement technique was selected for the pad. Secondly, the pad has a porous
structure, so the hardness may be different depending on the scale of measurement. As
scratching is caused by a single asperity, nanoindentation is selected to measure the hardness of a
single asperity.
Nanoindentation was performed on a Hysitron Triboindenter (TI) 900 with a Berkovich
tip. The Berkovich tip is a very flat three sided pyramid. Indentations were performed to a
controlled depth of 90 nm so as to be less than 10% of the 1 micron thickness of the copper. The
same 90 nm was selected for the depth control of pad indentations for consistency. The load-
displacement curve of each indentation was analyzed using the Oliver-Pharr method to determine
the hardness of reduced modulus of the material. The results of individual indentations vary, so
typically many indentations were performed and the results reported as statistics. The Hysitron
Triboindenter is shown in Figure 5. A Berkovich Tip is shown in Figure 6. An example of the
measured load-displacement curve for an IC 1000 pad is shown in Figure 7.
UL
Figure 5: Hys itron Triboindenter 900
www.hysitron.com
Figure 6: Berkovich Tip
www.engineering.unl.edu/research/bm3/Nanoindenter.shtml#details
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Figure 7: Load-Displacement Curve
For copper, the material properties were relatively uniform. The average hardness of 25
indentations of the copper coating on the wafer was 1.45 ± 0.07 GPa with a standard deviation of
0.165 GPa. The minimum hardness of any of the indentations was 1.21 GPa.
For the pads, measuring hardness is not as simple. Due to the porous pad structure, many
measurements would give very low hardness values while some would be relatively higher.
Figure 8 gives a histogram for the measured data from Pad D demonstrating this problem.
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Figure 8: Hardness Histogram
Figure 8 is plotted on a logarithmic x axis because analysis of the data shows it to fit a
log-normal distribution. That is to say that there are many small hardness measurements and a
few large measurements. Due to the variation in pad hardness measurements, more indentations
are necessary to get accurate statistics. For each pad, at least 36 indentations were performed.
While these indentations are performed within a small (<lxlmm) region of a small sample of the
pads, measurements from different areas of pads have been found to be statistically identical. As
the hardest of all asperities is the one most relevant to scratching, the average hardness found for
any pad is not as relevant as the maximum hardness. Measured hardness values for each pad are
given in Table 4. These values for pad properties are in line with what can be found in the
literature [1] [2] [3].
Table 4: Pad Mechanical Properties
Young's Modulus (GPa)
Average Std Dev
1.24 ± 0.29 0.85
0.34 ±0.13 0.39
0.30 ± 0.02 0.05
0.64 ±0.17 0.50
0.29 ±0.03 0.10
0.41 ±0.04 0.11
Average
0.157 ± 0.034
0.078 ± 0.011
0.083 ± 0.006
0.124 ± 0.025
0.084 ± 0.014
0.109 ± 0.010
Hardness (GPa)
Std Dev
0.100
0.033
0.019
0.074
0.043
0.030
The most important characteristic to avoid scratching in Table 4 is a low maximum
hardness. Table 4 illustrates that a low maximum hardness is the result of both a low average
hardness and a low standard deviation of hardness. The IC 1000 pad has neither of these
desirable attributes. Pads E and H also have large average hardness and large standard deviation
of hardness. Pad G has low average hardness but large standard deviation of hardness. Pad D
and Pad 82634 are relatively low in both categories, in particular by having extremely low
deviations. Accordingly their maximum hardness values are the lowest, making these pads the
least likely to scratch a wafer surface.
It is important when considering this data to remember that the hardness measurements
are not normally distributed, and so the idea of standard deviation and confidence intervals are
unusual here. For instance the maximum hardness value can be many standard deviations above
the mean. A log-normal distribution can be used to make the data fit the usual concept of
standard deviation better.
3.3 Pad Topography
The pad topography is important to determine the contact mechanics of the pad and
Pad
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copper wafer at the single-asperity level. In particular, the effective radius of curvature of each
point of contact impacts the stress distribution at the interface, which determines the relevant
scratching regime. Pad topography was measured using a Tencor P-10 Surface Profilometer.
The profilometer measures the deflection of a stylus as it is moved over the surface of the pad,
and outputs a two-dimensional profile of the surface.
The profiles were then analyzed by finding local maxima in the profiles and fitting
quadratic curves to the profiles at these locations. In particular, if (xo,yo) is a local maximum,
then a least squares regression was run to find the best value of 'a' such that the local profile (x,y)
fits Equation 1.
(y -yo)=-a(x -xO) 2  (1)
In this analysis a local maxima was defined as any point that has a greater y value than
any other point within 25 microns, and the regression was performed on seven data points
centered on (xo,yo). The x resolution was about 0.25 microns, so this each asperity was fit to a
curve 1.5 microns wide. Changing the above parameters can have a slight impact on the number
of asperities identified and their precise radius of curvature, respectively. The minimum distance
between asperities was chosen to be large enough that multiple maxima would not be identified
on the same asperity, but small enough that individual asperities would not be missed. The width
of the fit was chosen to be of the same order as the scratching, so as to measure the most relevant
radius of curvature to the problem. Figures 9 and 10 below show this process. Figure 9 is a
1mm long profile with the asperities identified using the above criterion. Figure 10 has equal
axis scaling and is zoomed in on the highest asperity to visualize the quadratic fit. The fit found
using Equation 1 is plotted over each asperity in red.
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Figure 10: Pad Asperity and Parabolic Fit
Once the fits have been performed, the radius of curvature at the top of each asperity can
be calculated using Equation 2, the approximate radius of curvature of a parabola near its
maxima.
R=a2a
Three 1mm profiles were taken for each pad, in which 41-43 asperity peaks were
identified and radii calculated. The data and statistics for three pads is given in Table 5.
Table 5: Asperity radius of curvature (microns)
Pad Average Standard Deviation Minimum
D 27.7 22.5 1.9
G 14.5 13.6 3.0
H 13.3 12.0 3.3
The given data is from new pad samples. In actual practice, the pads would be broken in,
which has the effect of increasing the radii of curvature of the pad asperities. However, the
asperities found on these pads are sharp enough that they plastically deform when in contact with
copper, applying a near uniform pressure distribution to the surface of the wafer. For this reason
they are plotted against the fully plastic scratching case in Figure 11.
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Figure 11: Characterized Pads on Scratching Map
In Figure 11, a point is plotted for each pad based on its hardness, the hardness of copper,
and the coefficient of friction between the two. It is important that the pad hardness used be the
greatest value measured, and the copper hardness be the lowest value measured as if the hardest
asperity can scratch the softest area of the copper, scratching will occur. The plot shows that all
of the pads except for Pad D are in the scratching region, and even Pad D is very close. As the
points fall roughly in a vertical line, it is reasonable to hypothesize that the most severe
scratching will occur with the IC 1000, while less will occur during CMP using the pads near the
no scratching regime.
4. Experimental Validation
At the end of Chapter 3, the pad properties measured were plotted using the model
described in Chapter 2, and scratching by pad asperities was predicted on all of the pads except
Pad D. Scratch tests were performed using the same setup as was used for measuring the
coefficient of friction of the pad on the wafer. A 30 mm diameter pad sample was moved over a
sample of copper coated wafer. In this experiment, the sliding distance was limited to 10 mm so
that an area untouched by the cut pad edges remained in the center of the wafer sample. This
area was inspected under the microscope for the presence of 1 micron scratches, as would be
expected from the pad. Results of this experiment are given in Table 6. Figure 12 shows a
photograph of several such scratches under an optical microscope. These scratches were likely
formed by the same asperity as the pad was moved over the wafer sample multiple times to form
these scratches. Figure 13 shows a scratch under SEM.
Table 6: Scratch Test Results
Pad Scratch Width (microns)
IC 1000 1.5
D 0.8
E 1.5
Figure 12: Scratches on copper under optical microscope Figure 13: Scratches on copper under SEM
5. Conclusion
While the presence of scratching during CMP continues to be a problem, this thesis
presents ways to measure and predict whether scratching by pad asperities will occur and the
severity of scratching based on measurable pad properties. While measuring the properties of
existing CMP pads and predicting the occurrence of scratching by pad asperities is useful, it is
apparent that existing CMP materials and practices will not be adequate to eliminate scratching.
In particular, we have demonstrated that using typical CMP slurries, the coefficient of
friction does not significantly change, as there is no special lubricating property designed into
CMP slurries. Further, using different pads does not greatly affect the coefficient of friction
either. This coefficient of friction is around 0.4 to 0.5 directly leads to scratching. If the
coefficient of friction were reduced, either by designing a slicker pad or lubricating slurry, then
scratching would be reduced
Further, it has been demonstrated that using a softer CMP pad can reduce the severity of
scratching. However, even the softest pad tested was a borderline case and, ultimately some
scratching did occur. Different material selection or preparation for the pad leading to slightly
softer pads could reduce scratching. Further, it has been demonstrated that the average or bulk
hardness is only important if there is consistency, or low deviation in hardness across the pad.
Careful material control is necessary to prevent an overall soft pad from having some harder
asperities that cause scratching.
Finally, we find that all CMP pads tested have very sharp asperities at the micron-level.
These sharp asperities cause the pad the yield, resulting in large, uniform stress distributions at
the interface between the pad and copper. The practice of conditioning the CMP pad helps to
increase the asperity radius of curvature, but it does not entirely alleviate the problem. If CMP
pads were designed to have smoother asperities, scratching would be reduced.
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